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Abstract
  Developing nations of Asia will continue to rely on fossil fuels to meet their energy needs for years to come. In this 
context, mitigation of air pollution due to thermal power plant emissions assumes special significance. The Neyveli Lignite 
Corporation (NLC)- Asia’s largest Lignite based Thermal Power Plant took a visionary step in this regard, four decades ago, 
via a massive afforestation program involving 17 million evergreen trees. These trees, now fully grown, play an important 
role in abating air pollution in the NLC town ship which is home to 128,133 people. 
  This first study quantifies the cleansing action of these evergreens by employing a tailor-made atmospheric dispersion-
deposition model which accounts for unique regional factors- the year round high solar insolation, high temperatures and 
the convective nature of the atmospheric boundary layer. We model the dispersion of SO2 emitted from multiple elevated 
stacks (typical source strengths are 300 g/s) and its deposition onto the evergreen canopy. Deposition is quantified in terms 
of the universal deposition velocity parameterization via inferential-resistance modelling of the transport pathways. Results 
indicate that considerable amount of pollution is deposited onto the canopy year round. In addition active cleansing of the 
atmosphere takes place over regions not directly in the path of SO2 emissions but nevertheless affected by residual pollution. 
This is relevant to large areas of NLC due to the wind pattern which involves a daily wind direction shift in the afternoon 
as well as several periods of calm. 
  The present model has been coded to be made portable and can serve as a decision making tool in the screening, scop-
ing and baseline analyses of Environmental Impact Assessment studies.
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Abstract
The aim of the present study was to standardize and to assess the predictive value of the cytogenetic analysis
by Micronucleus (MN) test in fish erythrocytes as a biomarker for marine environmental contamination. Micronucleus
frequency baseline in erythrocytes was evaluated in and genotoxic potential of a common chemical was determined
in fish experimentally exposed in aquarium under controlled conditions. Fish (Therapon jaruba) were exposed for 96
hrs to a single heavy metal (mercuric chloride). Chromosomal damage was determined as micronuclei frequency in
fish erythrocytes. Significant increase in MN frequency was observed in erythrocytes of fish exposed to mercuric
chloride. Concentration of 0.25 ppm induced the highest MN frequency (2.95 micronucleated cells/1000 cells compared
to 1 MNcell/1000 cells in control animals). The study revealed that micronucleus test, as an index of cumulative
exposure, appears to be a sensitive model to evaluate genotoxic compounds in fish under controlled conditions.
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1. Introduction
In India, about 200 tons of mercury and its
compounds are introduced into the environment
annually as effluents from industries (Saffi, 1981).
Mercuric chloride has been used in agriculture as a
fungicide, in medicine as a topical antiseptic and
disinfectant, and in chemistry as an intermediate in
the production of other mercury compounds. The
contamination of aquatic ecosystems by heavy
metals and pesticides has gained increasing attention
in recent decades. Chronic exposure to and
accumulation of these chemicals in aquatic biota
can result in tissue burdens that produce adverse
effects not only in the directly exposed organisms,
but also in human beings.
Fish provides a suitable model for monitoring
aquatic genotoxicity and wastewater quality
because of its ability to metabolize xenobiotics and
accumulated pollutants. A micronucleus assay has
been used successfully in several species (De Flora,
et al., 1993, Al-Sabti and Metcalfe, 1995). The
micronucleus (MN) test has been developed
together  with  DNA-unwinding  assays  as
perspective methods for mass monitoring of
clastogenicity and genotoxicity in fish and mussels
(Dailianis et al., 2003).
The MN tests have been successfully used as
a measure of genotoxic stress in fish, under both
laboratory and field conditions. In 2006 Soumendra
et al., made an attempt to detect genetic biomarkers
in two fish species, Labeo bata and Oreochromis
mossambica, by  MN  and  binucleate  (BN)
erythrocytes in the gill and kidney erythrocytes
exposed to thermal power plant discharge at
Titagarh Thermal Power Plant, Kolkata, India.
The present study was conducted to determine
the acute genotoxicity of the heavy metal compound
HgCl2 in static systems. Mercuric chloride is toxic,
solvable in water hence it can penetrate the aquatic
animals. Mutagenic studies with native fish species
represent an important effort in determining the
potential effects of toxic agents. This study was
carried out to evaluate the use of the micronucleus
test (MN) for the estimation of aquatic pollution
using marine edible fish under lab conditions.
2. Materials and methods
2.1. Sample Collection
The fish species selected for the present study
was collected from Pudhumadam coast of Gulf of
Mannar, Southeast Coast of India. Therapon
jarbua belongs to the order Perciformes of the
family Theraponidae. The fish species, Therapon
jarbua (6-6.3 cm in length and 4-4.25 g in weight)
was selected for the detection of genotoxic effect
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1. Introduction
  The developing nations of the World are heavily 
reliant on fossil fuels to meet their energy requirements. 
India is no exception, with coal generated thermal power 
accounting for a majority of electricity production in 
the country. While the emission of harmful gaseous 
pollutants from power plants is inevitable, it may be 
possible to mitigate their harmful effects on the environ-
ment. Afforestation has long since been associated with 
improved air quality due to the absorption of polluting 
gases by trees. However, what affect would 17 million 
trees have on a power plant which emits around 3900 
g/s of SO2 every day of the year, 24×7? No study on 
this scale has been conducted thus far- especially not in 
India where the unique climatic conditions and vegeta-
tion make borrowing results from mid-latitude regions 
unsatisfactory.
  The subject region of study is the Neyveli Lignite 
Corporation (NLC) located in the Cuddalore district of 
Tamil Nadu, India. NLC is a large lignite based thermal 
power plant which covers an area of about fifty-four 
square km and produces 2,490 megawatts per annum 
of electricity. It has two power plants: Thermal power 
plant (TPS) 1 and its expansion and TPS2. Thirteen 
elevated stacks continuously spew out SO2 containing 
emissions into the atmosphere. Details of these stacks 
are given in Table 1.
  NLC is home to 128,133 people and the township, 
located close to TPS1, is bound to receive emissions 
from the stacks. Thankfully, the founding fathers be-
gan a massive afforestation program which today has 
resulted in an extensive tree cover. In this paper we 
investigate the role of these trees in maintaining air 
quality and providing healthy living conditions in and 
around NLC. A map of the region of interest and an 
aerial photograph from Google Earth is shown in Fig. 
1. The tree cover, especially in the township, is clearly 
visible.
2. Parameterization of Dry Deposition to vegetation
  The evergreen canopy is considered to be an 
irreversible sink for SO2 and the flux of gas (F) to the 2
ground is represented by a first order relationship. 
Moreover this flux is assumed to be uniform within the 
surface layer of the atmosphere (10-100 m) (Seinfeld 
and Pandis, 2006)
                
              (1)
  C is the concentration measured at a reference 
height within the surface layer. Vd is a parameter called 
the deposition velocity and it has the units of m/s. 
Thus the problem of determining the flux of a species 
is transformed into the determination of its deposition 
velocity.
2.1. Deposition velocity- Theory of resistances
  The process of dry deposition is usually divided 
into three stages:
  1.  Transportation from the free atmosphere to the   
    receptor surface (turbulent layer transport)
  2.    Transport through the quasi-laminar, stagnant   
      air layer near the receptor surface (diffusive   
      molecular transport)
  3.    Capture or absorption by the surface (in this   
      case transport into the leaf stomata or cuticle   
      or deposition onto the ground).
  According to the universally adopted inferential 
resistance modelling approach, the dry deposition 
process is treated analogously to the flow of electrical 
current through a network of resistances in series. In 
this analogy, the aerodynamic resistance (Ra), the quasi-
laminar resistance (Rb) and the surface resistance (Rc) 
refer to the afore mentioned three stages of dry deposi-
tion respectively. The inverse of the total resistance is 
the dry deposition velocit y (Vd). 
                
      (2)
  The aerodynamic component of the overall dry   
deposition resistance is typically based on gradient-
transport  theory and  mass-transfer/momentum-transfer 
similarity. The resistance varies with the state of sta-
bility of the atmosphere. The quasi-laminar resistance 
depends on the diffusivity of the gas as well as the 
wind conditions. The aerodynamic and quasi-laminar 
resistances are computed by the following expressions 
(Sienfeld and Pandis, 2006).
  The quasi-laminar resistance is calculated by the 
following expression
Table 1. Details of stacks emitting SO2 at NLC
Stack Height (m) SO2 source
strength (g/s)
Thermal Power station-I
1 60 227.82
2 60 271.35
3 60 153.23
4 120 305.99
Thermal Power station-I Expn.
1 220 305.07
2 220 305.07
Thermal Power station-II
1 170 359.38
2 170 359.38
3 170 359.38
4 220 317.45
5 220 317.45
6 220 317.45
7 220 317.45
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        (4)
  Sc is the Schmidt No; equal to the ratio of kinematic 
viscosity of air and the binary diffusivity of SO2 and 
air. The friction velocity (u*) can be calculated by
       
  The Monin-Obhukov length (L) which character-
izes atmospheric stability was determined from the 
Pasquill Stability classes by the method of Golder 
(1972) as detailed in Sienfeld and Pandis (2006). 
The roughness length (z0) was taken as 1 m while the 
displacement length (d) is 70-80% of the roughness 
elements (Sienfeld and Pandis, 2006). The reference 
height for this study (z) is taken as 10 m and the von 
karman constant (k) was taken as 0.4.
  The canopy resistance is the most difficult resis-
tance to parameterize due to the complex nature of the 
processes involved in the absorption and retention of 
gases by vegetative surfaces. The parameterization of 
Wesely (1989) is adopted which calculates the canopy 
resistances by accounting for several sub-resistances 
in series and parallel (Sienfeld and Pandis, 2006).
               (5)
 
  The  first  term  includes the  leaf  stomatal (rst) 
and mesophyll (rm) resistances, the second term is outer 
surface resistance in the upper canopy (rlu), which in-
cludes the leaf cuticular resistance in healthy vegetation 
and the other outer surface resistances; the third term 
is the resistance in the lower canopy, which includes 
the resistance to transfer by buoyant convection (rdc)   
and the resistance to uptake by leaves, twigs, and other 
exposed surfaces (rcl) and the fourth term is resistance 
at the ground, which includes a transfer resistance (rac) 
for processes that depend only on canopy height and a 
resistance for uptake by the soil, leaf litter, and so on 
at the ground surface (rgs).  
  Of these the stomatal (rst) resistance is of particular 
interest since it accounts for the effects of solar radia-
tion and temperature on the opening of the stomata. 
This has a major effect on the overall resistance and is 
responsible for day to day variations in the value of the 
canopy resistance. The bulk canopy stomatal resistance 
is calculated from tabulated values of rj (where rj is  the 
minimum bulk canopy stomatal resistance for water   
vapor), the solar radiation (G in W/m
2), and surface air 
temperature (Ts in °C between 0 and 40°C) using  
              
(6)
  The seasonal category was kept fixed as mid-
summer for all computations due to the evergreen 
nature of the canopy at NLC. During rains the leaf 
surfaces become wet, enhancing deposition of SO2 
due to dissolution into the aqueous phase. This effect 
is incorporated into the model by a suitable reduction 
in the outer surface resistance in the upper canopy 
(rlu) (Wesely, 1989). The procedure for calculating the 
resistances is given in Seinfeld and Pandis (2006).
2.2. Deposition Velocity of SO2 at NLC
  The average deposition velocity of SO2 is computed 
for the months of December, May and October which 
represent the three seasons experienced at NLC- mild 
winter, hot dry summer and wet North East Monsoon 
respectively (see Table 2). Calculations were done using 
data for the months of 2008-09. Recent work by Seth 
et al. (2010) and Patra and Ghosh (2010) present com-
putations of deposition velocities for the NLC region. 
However these studies do not calculate the aerodynamic 
resistance via the detailed flux gradient relationships 
Figure 1. Map of NLC and aerial view from Google Earth
® of TPS1 and TPS2 and the Township.
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Table 1. Details of stacks emitting SO2 at NLC 
 
Stack  Height (m)  SO2 source 
strength (g/s) 
Thermal Power station-I 
1  60  227.82 
2  60  271.35 
3  60  153.23 
4  120  305.99 
Thermal Power station-I Expn. 
1  220  305.07 
2  220  305.07 
Thermal Power station-II 
1  170  359.38 
2  170  359.38 
3  170  359.38 
4  220  317.45 
5  220  317.45 
6  220  317.45 
7  220  317.45 
 
NLC is home to 128,133 people and the township, located close to TPS1, is bound to receive 
emissions from the stacks. Thankfully, the founding fathers began a massive afforestation program 
which today has resulted in an extensive tree cover.  In this paper we investigate the role of these trees 
in maintaining air quality and providing healthy living conditions in and around NLC. A map of the 
region of interest and an aerial photograph from Google Earth is shown in Fig. 1. The tree cover, 
especially in the township, is clearly visible. 
 
 
 
 
Figure 1. Map of NLC and aerial view from Google Earth
® of TPS1 and TPS2 and the Township. 
 
2. Parameterization of Dry Deposition to vegetation 
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  Sc is the Schmidt No; equal to the ratio of kinematic viscosity of air and the binary diffusivity of 
SO2 and air. The friction velocity (u*) can be calculated by 
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  The Monin-Obhukov length (L) which characterizes atmospheric stability was determined from 
the Pasquill Stability classes by the method of Golder (1972) as detailed in Sienfeld and Pandis 
(2006). The roughness length (z0) was taken as 1 m while the displacement length (d) is 70-80% of the 
roughness elements (Sienfeld and Pandis, 2006). The reference height for this study (z) is taken as 10 
m and the von karman constant (κ) was taken as 0.4. 
  The canopy resistance is the most difficult resistance to parameterize due to the complex nature 
of  the  processes  involved  in  the  absorption  and  retention  of  gases  by  vegetative  surfaces.  The 
parameterization of Wesely (1989) is adopted which calculates the canopy resistances by accounting 
for several sub-resistances in series and parallel (Sienfeld and Pandis, 2006). 
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  The  first  term  includes the  leaf  stomatal (rst) and mesophyll (rm) resistances, the second term 
is outer surface resistance in the upper canopy (rlu), which includes the leaf cuticular resistance in 
healthy vegetation and the other outer surface resistances; the third term is the resistance in the lower 
canopy, which includes the resistance to transfer by buoyant convection (rdc)  and  the  resistance  to  
uptake  by  leaves, twigs, and other exposed  surfaces (rcl) and the fourth term is resistance at the 
ground, which includes a transfer resistance (rac) for processes that depend only on canopy height and 
a resistance for uptake by the soil, leaf litter, and so on at the ground surface (rgs).   
  Of these the stomatal (rst) resistance is of particular interest since it accounts for the effects of 
solar radiation and temperature on the opening of the stomata. This has a major effect on the overall 
resistance and is responsible for day to day variations in the value of the canopy resistance. The bulk 
canopy stomatal resistance is calculated from tabulated values of rj (where rj is  the minimum bulk 
canopy  stomatal  resistance  for  water  vapor) , the solar radiation (G in W/m
2 ), and surface air 
temperature ( Ts in 
°C  between  0 and 40 
°C ) using 
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  The seasonal category was kept fixed as mid-summer for all computations due to the evergreen 
nature of the canopy at NLC. During rains the leaf surfaces become wet, enhancing deposition of SO2 
due to dissolution into the aqueous phase. This effect is incorporated into the model by a suitable 
reduction in the outer surface resistance in the upper canopy (rlu) (Wesely, 1989). The procedure for 
calculating the resistances is given in Seinfeld and Pandis (2006). 
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  The Monin-Obhukov length (L) which characterizes atmospheric stability was determined from 
the Pasquill Stability classes by the method of Golder (1972) as detailed in Sienfeld and Pandis 
(2006). The roughness length (z0) was taken as 1 m while the displacement length (d) is 70-80% of the 
roughness elements (Sienfeld and Pandis, 2006). The reference height for this study (z) is taken as 10 
m and the von karman constant (κ) was taken as 0.4. 
  The canopy resistance is the most difficult resistance to parameterize due to the complex nature 
of  the  processes  involved  in  the  absorption  and  retention  of  gases  by  vegetative  surfaces.  The 
parameterization of Wesely (1989) is adopted which calculates the canopy resistances by accounting 
for several sub-resistances in series and parallel (Sienfeld and Pandis, 2006). 
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  The  first  term  includes the  leaf  stomatal (rst) and mesophyll (rm) resistances, the second term 
is outer surface resistance in the upper canopy (rlu), which includes the leaf cuticular resistance in 
healthy vegetation and the other outer surface resistances; the third term is the resistance in the lower 
canopy, which includes the resistance to transfer by buoyant convection (rdc)  and  the  resistance  to  
uptake  by  leaves, twigs, and other exposed  surfaces (rcl) and the fourth term is resistance at the 
ground, which includes a transfer resistance (rac) for processes that depend only on canopy height and 
a resistance for uptake by the soil, leaf litter, and so on at the ground surface (rgs).   
  Of these the stomatal (rst) resistance is of particular interest since it accounts for the effects of 
solar radiation and temperature on the opening of the stomata. This has a major effect on the overall 
resistance and is responsible for day to day variations in the value of the canopy resistance. The bulk 
canopy stomatal resistance is calculated from tabulated values of rj (where rj is  the minimum bulk 
canopy  stomatal  resistance  for  water  vapor) , the solar radiation (G in W/m
2 ), and surface air 
temperature ( Ts in 
°C  between  0 and 40 
°C ) using 
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  The seasonal category was kept fixed as mid-summer for all computations due to the evergreen 
nature of the canopy at NLC. During rains the leaf surfaces become wet, enhancing deposition of SO2 
due to dissolution into the aqueous phase. This effect is incorporated into the model by a suitable 
reduction in the outer surface resistance in the upper canopy (rlu) (Wesely, 1989). The procedure for 
calculating the resistances is given in Seinfeld and Pandis (2006). 
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SO2 and air. The friction velocity (u*) can be calculated by 
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  The Monin-Obhukov length (L) which characterizes atmospheric stability was determined from 
the Pasquill Stability classes by the method of Golder (1972) as detailed in Sienfeld and Pandis 
(2006). The roughness length (z0) was taken as 1 m while the displacement length (d) is 70-80% of the 
roughness elements (Sienfeld and Pandis, 2006). The reference height for this study (z) is taken as 10 
m and the von karman constant (κ) was taken as 0.4. 
  The canopy resistance is the most difficult resistance to parameterize due to the complex nature 
of  the  processes  involved  in  the  absorption  and  retention  of  gases  by  vegetative  surfaces.  The 
parameterization of Wesely (1989) is adopted which calculates the canopy resistances by accounting 
for several sub-resistances in series and parallel (Sienfeld and Pandis, 2006). 
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  The  first  term  includes the  leaf  stomatal (rst) and mesophyll (rm) resistances, the second term 
is outer surface resistance in the upper canopy (rlu), which includes the leaf cuticular resistance in 
healthy vegetation and the other outer surface resistances; the third term is the resistance in the lower 
canopy, which includes the resistance to transfer by buoyant convection (rdc)  and  the  resistance  to  
uptake  by  leaves, twigs, and other exposed  surfaces (rcl) and the fourth term is resistance at the 
ground, which includes a transfer resistance (rac) for processes that depend only on canopy height and 
a resistance for uptake by the soil, leaf litter, and so on at the ground surface (rgs).   
  Of these the stomatal (rst) resistance is of particular interest since it accounts for the effects of 
solar radiation and temperature on the opening of the stomata. This has a major effect on the overall 
resistance and is responsible for day to day variations in the value of the canopy resistance. The bulk 
canopy stomatal resistance is calculated from tabulated values of rj (where rj is  the minimum bulk 
canopy  stomatal  resistance  for  water  vapor) , the solar radiation (G in W/m
2 ), and surface air 
temperature ( Ts in 
°C  between  0 and 40 
°C ) using 
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  The seasonal category was kept fixed as mid-summer for all computations due to the evergreen 
nature of the canopy at NLC. During rains the leaf surfaces become wet, enhancing deposition of SO2 
due to dissolution into the aqueous phase. This effect is incorporated into the model by a suitable 
reduction in the outer surface resistance in the upper canopy (rlu) (Wesely, 1989). The procedure for 
calculating the resistances is given in Seinfeld and Pandis (2006). 
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  Sc is the Schmidt No; equal to the ratio of kinematic viscosity of air and the binary diffusivity of 
SO2 and air. The friction velocity (u*) can be calculated by 
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  The Monin-Obhukov length (L) which characterizes atmospheric stability was determined from 
the Pasquill Stability classes by the method of Golder (1972) as detailed in Sienfeld and Pandis 
(2006). The roughness length (z0) was taken as 1 m while the displacement length (d) is 70-80% of the 
roughness elements (Sienfeld and Pandis, 2006). The reference height for this study (z) is taken as 10 
m and the von karman constant (κ) was taken as 0.4. 
  The canopy resistance is the most difficult resistance to parameterize due to the complex nature 
of  the  processes  involved  in  the  absorption  and  retention  of  gases  by  vegetative  surfaces.  The 
parameterization of Wesely (1989) is adopted which calculates the canopy resistances by accounting 
for several sub-resistances in series and parallel (Sienfeld and Pandis, 2006). 
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  The  first  term  includes the  leaf  stomatal (rst) and mesophyll (rm) resistances, the second term 
is outer surface resistance in the upper canopy (rlu), which includes the leaf cuticular resistance in 
healthy vegetation and the other outer surface resistances; the third term is the resistance in the lower 
canopy, which includes the resistance to transfer by buoyant convection (rdc)  and  the  resistance  to  
uptake  by  leaves, twigs, and other exposed  surfaces (rcl) and the fourth term is resistance at the 
ground, which includes a transfer resistance (rac) for processes that depend only on canopy height and 
a resistance for uptake by the soil, leaf litter, and so on at the ground surface (rgs).   
  Of these the stomatal (rst) resistance is of particular interest since it accounts for the effects of 
solar radiation and temperature on the opening of the stomata. This has a major effect on the overall 
resistance and is responsible for day to day variations in the value of the canopy resistance. The bulk 
canopy stomatal resistance is calculated from tabulated values of rj (where rj is  the minimum bulk 
canopy  stomatal  resistance  for  water  vapor) , the solar radiation (G in W/m
2 ), and surface air 
temperature ( Ts in 
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  The seasonal category was kept fixed as mid-summer for all computations due to the evergreen 
nature of the canopy at NLC. During rains the leaf surfaces become wet, enhancing deposition of SO2 
due to dissolution into the aqueous phase. This effect is incorporated into the model by a suitable 
reduction in the outer surface resistance in the upper canopy (rlu) (Wesely, 1989). The procedure for 
calculating the resistances is given in Seinfeld and Pandis (2006). 
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employed in this study nor do they account for the 
effect of wet leaf surfaces.
  Before discussing the seasonal variation in Vd, 
it is beneficial to understand the factors which influ-
ence the deposition velocity by taking a close look at 
the calculations for the month of December 2008 at 
14:30 (daytime). The values of the resistances and Vd 
computed for each day is shown in Fig. 2. The canopy 
resistance (Rc) proves to be the controlling resistance 
in the dry deposition process, accounting for 80% of 
the total resistance. Hence one would expect the factors 
which modulate Rc (solar insolation and temperature) to 
have a marked affect on Vd as well. This is indeed the 
case. In fact the values of Vd are substantially lower at 
night since there is no solar radiation and the stomata 
are practically closed (see Table 2 and Fig. 3). 
  In order to observe the effect of solar radiation and 
wind speed on the dry deposition process, the normal-
ized values of Ra and Rc are plotted with the normalized 
values of wind speed and solar radiation respectively 
(Fig. 4 and Fig. 5). The clear anti correlation between 
these factors and the resistances is observable. The 
variation of Rb with wind speed is much the same as Ra. 
Fig. 6 shows the variation of Vd with both environmental 
factors. A close look at day 13 in Fig. 6 makes it clear 
that the solar radiation has a stronger role to play than 
the wind speed. This is because the surface resistance 
accounts for a major portion of the total resistance. 
  The seasonal variation in Vd is attributable to the 
temperature and rainfall since solar radiation is more 
or less constant through the year. While high solar ra-
diation stimulates stomatal opening and increases dry 
deposition, high temperatures (close to 40°C) cause the 
stomata to close. Thus in the month of May, although 
strong solar radiation is incident, high temperatures 
above 35°C reduce the value of deposition velocity. 
During the month of December, the temperature is 
around 20°C and solar radiation is sufficient for the 
deposition velocity to be higher than it is in peak sum-
mer (May). In October, although the onset of the North 
East Monsoon would lead to reduced solar insolation, 
the presence of moisture on the leaf surfaces increases 
Table 2. Deposition Velocity for various seasons at NLC
Season
Vd (cm/s)
Day Night
DEC 08- Mild winter 0.487 0.131
MAY 09- Hot Summer 0.443 0.122
OCT 09- NE Monsoon 0.507 0.115
Figure 2. Resistances and deposition velocity calculated for December 2008 at 14:30
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2.2. Deposition Velocity of SO2 at NLC 
 
  The average deposition velocity of SO2 is computed for the months of December, May and 
October which represent the three seasons experienced at NLC- mild winter, hot dry summer and wet 
North East Monsoon respectively (see Table 2). Calculations were done using data for the months of 
2008-09. Recent work by Seth et al. (2010) and Patra and Ghosh (2010) present computations of 
deposition velocities for the NLC region. However these studies do not calculate the aerodynamic 
resistance via the detailed flux gradient relationships employed in this study nor do they account for 
the effect of wet leaf surfaces. 
 
Table 2. Deposition Velocity for various seasons at NLC 
 
Season 
Vd (cm/s) 
Day  Night 
DEC 08- Mild winter  0.487  0.131 
MAY 09- Hot Summer  0.443  0.122 
OCT 09- NE Monsoon  0.507  0.115 
 
  Before discussing the seasonal variation in Vd, it is beneficial to understand the factors which 
influence the deposition velocity by taking a close look at the calculations for the month of December 
2008 at 14:30 (daytime). The values of the resistances and Vd computed for each day is shown in Fig. 
2. The canopy resistance (Rc) proves to be the controlling resistance in the dry deposition process, 
accounting for 80% of the total resistance. Hence one would expect the factors which modulate Rc 
(solar insolation and temperature) to have a marked affect on Vd as well. This is indeed the case. In 
fact the values of Vd are substantially lower at night since there is no solar radiation and the stomata 
are practically closed (see Table 2 and Fig. 3).  
 
 
 
Figure 2. Resistances and deposition velocity calculated for December 2008 at 14:30 
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  In order to observe the effect of solar radiation and wind speed on the dry deposition process, 
the normalized values of Ra and Rc are plotted with the normalized values of wind speed and solar 
radiation  respectively  (Fig.4  and  Fig.5).  The  clear  anti  correlation  between  these  factors  and  the 
resistances is observable. The variation of Rb with wind speed is much the same as Ra. Fig. 6 shows 
the variation of Vd with both environmental factors. A close look at day 13 in Fig. 6 makes it clear that 
the  solar  radiation  has  a  stronger  role  to  play  than  the  wind  speed.  This  is  because  the  surface 
resistance accounts for a major portion of the total resistance.  
 
 
 
Figure 3. Diurnal variation in deposition velocity for December 2008 
 
  The seasonal variation in Vd is attributable to the temperature and rainfall since solar radiation is 
more or less constant through the year. While high solar radiation stimulates stomatal opening and 
increases dry deposition, high temperatures (close to 40°C) cause the stomata to close. Thus in the 
month of May, although strong solar radiation is incident, high temperatures above 35°C reduce the 
value of deposition velocity. During the month of December, the temperature is around 20°C and solar 
radiation is sufficient for the deposition velocity to be higher than it is in peak summer (May). In 
October, although the onset of the North East Monsoon would lead to reduced solar insolation, the 
presence of moisture on the leaf surfaces increases dry deposition due to dissolution of SO2. We 
account for this effect using the method proposed by Wesely (1989) and obtain the highest values for 
Vd during the Monsoon season. 
 
Figure 3. Diurnal variation in deposition velocity for 
December 2008
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Figure 4. Variation of aerodynamic resistance with wind speed (Dec 2008) 
 
 
Figure 5. Variation of canopy resistance with solar insolation (Dec 2008) 
 
 
 
Figure 6. Variation of deposition velocity with wind speed and solar insolation (Dec 2008) 
 
dry deposition due to dissolution of SO2. We account 
for this effect using the method proposed by Wesely 
(1989) and obtain the highest values for Vd during the 
Monsoon season.
3. Cleansing efficacy of the evergreen canopy
  Having calculated values of Vd, it is a simple matter 
to obtain the flux of species via Eq. (1) if the concentra-
tion at the reference height is known (10 m). Measure-
ment of these concentrations for various months of the 
year is currently in progress. After obtaining this data 
it will be possible to estimate the total amount of mate-
rial deposited on the canopy year round. However, this 
paper is concerned with establishing the efficacy of the 
cleansing action of the evergreen trees and their role in 
improving air quality. This is best done by focusing our 
study on a particular day. On the 13th of May 2009, the 
wind blew in from the southwest and transported pollu-
tion directly over the township. The wind speed was 2 
m/s and the solar radiation was 544 W/m
2. In order to 
obtain the concentration of SO2 over the township, we 
apply a tailor made atmospheric gaussian-dispersion 
model which accounts for the stability of the atmosphere 
via the Pasquill Stability classes. A detailed exposition 
of gaussian models can be found in Sienfeld and Pandis 
(2006) and Hanna et al. (1982).
3.1. Deposition from a plume
  The emissions from the stacks of TPS1 and TPS2 
are driven by the wind over the NLC Township. The 
ground level concentration computed from the disper-
sion model is shown in Fig. 7. The township is demar-
cated by a rectangle; white markers represent the power 
stations with TPS1 on the edge of the township. The 
text markers indicate locations of air quality monitoring 
stations. From Fig. 7 it is clear that much of the town-
ship experiences concentrations above 10 μg m
3. Areas 
closer to TPS1 receive higher amounts of polluting gas 
and the concentration in the narrow region surrounding 
the plume centerline exceeds 100 μg/m
3.
  Due to the presence of the evergreen canopy, 
there will be a continuous deposition of material from 
the plume of pollution onto the trees. This flux will 
be greater in regions of higher concentration and can 
be evaluated using Eq. (1). Material will be deposited 
as long as the plume remains over the canopy and the 
wind direction holds. However, there will not be any 
significant change in the ambient air concentration due 
to deposition, since the source strength is very strong 
and the township is close to the power station. Never-
theless considerable amount of pollution is deposited 
Figure 4. Variation of aerodynamic resistance with wind 
speed (Dec 2008)
 
Figure 5. Variation of canopy resistance with solar insolation 
(Dec 2008)
 
Figure 6. Variation of deposition velocity with wind speed 
and solar insolation (Dec 2008)
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Figure 6. Variation of deposition velocity with wind speed and solar insolation (Dec 2008) 
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Figure 5. Variation of canopy resistance with solar insolation (Dec 2008) 
 
 
 
Figure 6. Variation of deposition velocity with wind speed and solar insolation (Dec 2008) 
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canopy and the wind direction holds. However, there will not be any significant change in the ambient 
air concentration due to deposition, since the source strength is very strong and the township is close 
to the power station. Nevertheless considerable amount of pollution is deposited and contours of the 
same for an hour are shown in Fig. 8. Totally, 4.5 kg of SO2 is deposited onto the canopy within the 
township, in an hour.  
  Although deposition does not affect the air quality at the township, it will have a beneficial 
effect on areas surrounding NLC since some amount of the polluting gas has been removed. This 
study can be generalized for any wind driven plume, over any part of NLC with a canopy cover.  
There is another situation in which the trees play an important role. The wind direction will 
eventually change or a period of sustained wind may be followed by a calm. In either case, pollution 
will remain hanging over a given area (township in this study) as residual pollution. The following 
section investigates the role of trees in this scenario. 
 
 
 
Figure 8. Mass of SO2 deposited per unit area in 1 hr for the concentration distribution of Fig.7 
 
3.2. Removal of residual pollution and improvement of air quality 
 
  The residual pollution left over by a plume will be diluted throughout the mixing layer. The 
mixing layer is the well mixed region of the atmosphere adjacent to the earth’s surface. The height of 
this layer varies with the time of day, the location of the site (latitude) and the atmospheric stability. 
This pollution will remain hanging over the township until it is advected away by the wind. In such a 
situation wherein there is no replenishment of pollution from the stack, the trees can play a significant 
role in air quality improvement. A first order removal of species from the bottom of a closed stirred 
tank is a simple way of modelling this process. A mass balance on SO2 for a mixing layer of height 
Hmix yields: 
      mix
d
H
C V
dt
dC
 
                  (7) 
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3. Cleansing efficacy of the evergreen canopy 
 
  Having calculated values of Vd, it is a simple matter to obtain the flux of species via Eq. (1) if 
the concentration at the reference height is known (10 m). Measurement of these concentrations for 
various months of the year is currently in progress. After obtaining this data it will be possible to 
estimate the total amount of material deposited on the canopy year round. However, this paper is 
concerned with establishing the efficacy of the cleansing action of the evergreen trees and their role in 
improving air quality. This is best done by focusing our study on a particular day. On the 13th of May 
2009, the wind blew in from the southwest and transported pollution directly over the township. The 
wind speed was 2 m/s and the solar radiation was 544 W/m
2. In order to obtain the concentration of 
SO2 over the township, we apply a tailor made atmospheric gaussian-dispersion model which accounts 
for the stability of the atmosphere via the Pasquill Stability classes. A detailed exposition of gaussian 
models can be found in Sienfeld and Pandis (2006) and Hanna et al. (1982). 
 
3.1. Deposition from a plume 
 
  The  emissions  from  the  stacks  of  TPS1  and  TPS2  are  driven  by  the  wind  over  the  NLC 
Township. The ground level concentration computed from the dispersion model is shown in Fig. 7. 
The township is demarcated by a rectangle; white markers represent the power stations with TPS1 on 
the edge of the township. The text markers indicate locations of air quality monitoring stations. From 
Fig. 7 it is clear that much of the township experiences concentrations above 10 μg m
-3. Areas closer to 
TPS1 receive higher amounts of polluting gas and the concentration in the narrow region surrounding 
the plume centerline exceeds 100 μg/m
3. 
 
 
 
Figure 7. The ground level concentration over the township on 13
th May 2009 at 14:30 
 
  Due to the presence of the evergreen canopy, there will be a continuous deposition of material 
from the plume of pollution onto the trees. This flux will be greater in regions of higher concentration 
and can be evaluated using Eq. (1). Material will be deposited as long as the plume remains over the 
and contours of the same for an hour are shown in 
Fig. 8. Totally, 4.5 kg of SO2 is deposited onto the 
canopy within the township, in an hour. 
  Although deposition does not affect the air quality 
at the township, it will have a beneficial effect on areas 
surrounding NLC since some amount of the polluting 
gas has been removed. This study can be generalized 
for any wind driven plume, over any part of NLC with 
a canopy cover. 
  There is another situation in which the trees play 
an important role. The wind direction will eventually 
change or a period of sustained wind may be followed 
by a calm. In either case, pollution will remain hanging 
over a given area (township in this study) as residual 
pollution. The following section investigates the role 
of trees in this scenario.
3.2. Removal of residual pollution and improvement 
of air quality
  The residual pollution left over by a plume will be 
diluted throughout the mixing layer. The mixing layer 
Figure 7. The ground level concentration over the township on 13
th May 2009 at 14:30
Figure 8. Mass of SO2 deposited per unit area in 1 hr for the concentration distribution of Fig.7
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  This  equation  when  integrated  yields  the  following  expression  for  the  time  dependent 
concentration in the mixed zone of the atmosphere, where C0 is the initial residual concentration. 
 
     
 


 


 
mix
d
H
t V
C
dt
dC
exp 0
               (8) 
 
  The initial residual pollutant concentration can be obtained by first estimating the total amount 
of pollution left over a given area and then distributing it uniformly throughout the mixing layer. This 
is done by integrating the plume concentration predicted by the dispersion model throughout the 
atmosphere for all points within a designated zone (say the township). 
  The above calculation and the application of Eq. (8) to study the removal of residual pollution, 
requires the estimation of the height of the mixing layer. In this work we make use of the CSIRO 
mixing height calculator which is based on the work of Luhar (1998). The calculator accounts for both 
mechanical and convective turbulence and requires input of temperature gradient and latitude apart 
from  other  meteorological  parameters.  Returning  to  the  13
th  of  May  when  the  atmosphere  was 
unstable, we set the gradient as 0.01°C/m. The temporal variation of the mixing height as calculated is 
shown in Fig. 9.  
 
 
 
Figure 9. Height of the mixing layer on 13
th May 2009 
 
  From Fig. 9 we see that there is considerable temporal variation in height. A value of 1000 m is 
on the upper end and is common during summer days. It is lower during winter days and during the 
night (Seinfeld and Pandis, 2006). For our purpose of demonstrating the cleansing action of trees, we 
choose two representative values- 1000 m and 500 m. This calculation of mixing height was done to 
get an estimate of the values which commonly occur during tropical summer conditions at NLC. Thus 
the above calculation is sufficient despite obvious changes in wind speed and stability which occur 
during the day. 
  The reduction in concentration with time due to removal by the canopy over the township is 
apparent from the application of Eq. (8). Fig. 10 shows the decrease in concentration at both mixing 
heights. Clearly, the cleansing effect is more pronounced at lower mixing heights.  
is the well mixed region of the atmosphere adjacent to 
the earth’s surface. The height of this layer varies with 
the time of day, the location of the site (latitude) and 
the atmospheric stability. This pollution will remain 
hanging over the township until it is advected away 
by the wind. In such a situation wherein there is no 
replenishment of pollution from the stack, the trees 
can play a significant role in air quality improvement. 
A first order removal of species from the bottom of a 
closed stirred tank is a simple way of modelling this 
process. A mass balance on SO2 for a mixing layer of 
height Hmix yields:
                
        (7)
  This equation when integrated yields the following 
expression for the time dependent concentration in the 
mixed zone of the atmosphere, where C0 is the initial 
residual concentration.
                
      (8)
  The initial residual pollutant concentration can be 
obtained by first estimating the total amount of pollution 
left over a given area and then distributing it uniformly 
throughout the mixing layer. This is done by integrating 
the plume concentration predicted by the dispersion 
model throughout the atmosphere for all points within 
a designated zone (say the township).
  The above calculation and the application of Eq. 
(8) to study the removal of residual pollution, requires 
the estimation of the height of the mixing layer. In this 
work we make use of the CSIRO mixing height calcu-
lator which is based on the work of Luhar (1998). The 
calculator accounts for both mechanical and convective 
turbulence and requires input of temperature gradient 
and latitude apart from other meteorological parameters. 
Returning to the 13
th of May when the atmosphere was 
unstable, we set the gradient as 0.01°C/m. The temporal 
variation of the mixing height as calculated is shown 
in Fig. 9. 
  From Fig. 9 we see that there is considerable tem-
poral variation in height. A value of 1000 m is on the 
upper end and is common during summer days. It is 
lower during winter days and during the night (Seinfeld 
and Pandis, 2006). For our purpose of demonstrating the 
cleansing action of trees, we choose two representative 
values- 1000 m and 500 m. This calculation of mixing 
height was done to get an estimate of the values which 
commonly occur during tropical summer conditions at 
NLC. Thus the above calculation is sufficient despite 
obvious changes in wind speed and stability which oc-
cur during the day.
  The reduction in concentration with time due to 
removal by the canopy over the township is apparent 
from the application of Eq. (8). Fig. 10 shows the de-
crease in concentration at both mixing heights. Clearly, 
the cleansing effect is more pronounced at lower mixing 
heights. 
 
4. Conclusions
  In this study we quantify the removal rates of SO2 
by the evergreen canopy located in a large thermal 
power plant in South India. It is interesting to compare 
our results of deposition velocity with those obtained by 
other modelling and experimental studies. Xu and Car-
michael (1998) have employed the methods described 
in this paper to calculate deposition velocities of SO2 
for the entire Asia region, including South India. How-
ever, the spatial resolution of these results is limited. 
Moreover our calculations consider the meteorological 
and climatic conditions unique to NLC as well as the 
effect of wet leaf surfaces. Nevertheless some results 
are comparable. Their values of Vd (daytime) for May 
and August are 0.3 and 0.45 respectively. Their value 
for December is much lower at 0.2 as compared to our 
result of 0.487. This is due to the mild winter experi-
enced at NLC with optimum temperatures of around 
20°C for stomatal opening. 
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canopy and the wind direction holds. However, there will not be any significant change in the ambient 
air concentration due to deposition, since the source strength is very strong and the township is close 
to the power station. Nevertheless considerable amount of pollution is deposited and contours of the 
same for an hour are shown in Fig. 8. Totally, 4.5 kg of SO2 is deposited onto the canopy within the 
township, in an hour.  
  Although deposition does not affect the air quality at the township, it will have a beneficial 
effect on areas surrounding NLC since some amount of the polluting gas has been removed. This 
study can be generalized for any wind driven plume, over any part of NLC with a canopy cover.  
There is another situation in which the trees play an important role. The wind direction will 
eventually change or a period of sustained wind may be followed by a calm. In either case, pollution 
will remain hanging over a given area (township in this study) as residual pollution. The following 
section investigates the role of trees in this scenario. 
 
 
 
Figure 8. Mass of SO2 deposited per unit area in 1 hr for the concentration distribution of Fig.7 
 
3.2. Removal of residual pollution and improvement of air quality 
 
  The residual pollution left over by a plume will be diluted throughout the mixing layer. The 
mixing layer is the well mixed region of the atmosphere adjacent to the earth’s surface. The height of 
this layer varies with the time of day, the location of the site (latitude) and the atmospheric stability. 
This pollution will remain hanging over the township until it is advected away by the wind. In such a 
situation wherein there is no replenishment of pollution from the stack, the trees can play a significant 
role in air quality improvement. A first order removal of species from the bottom of a closed stirred 
tank is a simple way of modelling this process. A mass balance on SO2 for a mixing layer of height 
Hmix yields: 
      mix
d
H
C V
dt
dC
 
                  (7) 
Figure 9. Height of the mixing layer on 13
th May 2009
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  Matsuda et al. (2006) performed field experiments 
to determine the dry deposition velocity of SO2 over a 
tropical forest in Northern Thailand. They report values 
of deposition velocity up to 0.31 cm/s (daytime) and 
0.11 cm/s (nighttime) for the dry season. The night time 
value is nearly the same as our results. Generally the 
values of Vd (daytime) at NLC are higher, possibly due 
to year round higher solar insolation. In their work, they 
describe the importance of accounting for the effect of 
wet leaf surfaces and the resultant higher values of Vd 
during the rains.
  Having determined the removal rates, we couple 
this information with an atmospheric dispersion model 
to investigate the cleansing efficacy of the evergreen 
canopy. A particular emphasis is placed on the sensi-
tive township which receives the full impact of stack 
emissions on 13
th May 2009. Focusing on this day, we 
demonstrate the removal of SO2 from a wind driven 
plume as well as the removal of residual concentration 
when the wind direction changes. It is observed that the 
trees improve air quality in the latter case. This effect 
is more pronounced at lower mixing heights. During 
winter days, the mixing layer can be a few hundred 
meters high and just 100 meters at night due to the 
formation of an inversion layer. Under such conditions, 
pollution emitted during the early hours is trapped at 
night and can result in high levels of pollution. Harmful 
effects can be mitigated by the presence of trees and 
their cleansing action. Thus it is especially important 
to plant trees in urban areas where the major pollution 
source are located at ground level.
  The implications of these results as well as the 
model developed in this work can be applied to other 
developing nations of Asia, who are grappling with 
the problem of air pollution from the burning of fos-
sil fuels. Nature has an ability to absorb and dissipate 
anthropogenic stresses such as air pollution. These 
natural mechanisms are pronounced in South Asia 
where convective boundary layers and evergreen trees 
are a saving grace. While this is not a green signal to 
continue polluting the environment, it does emphasize 
the importance of understanding nature’s protective 
mechanisms and utilizing them to mitigate and control 
pollution in an economic and sustainable manner.
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Figure 10. Depletion of residual SO2 concentration over the 
township due to removal by trees.
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Figure 10. Depletion of residual SO2 concentration over the township due to removal by trees. 
 
4. Conclusions 
 
  In this study we quantify the removal rates of SO2 by the evergreen canopy located in a large 
thermal power plant in South India. It is interesting to compare our results of deposition velocity with 
those  obtained  by  other  modelling  and  experimental  studies.  Xu  and  Carmichael  (1998)  have 
employed the methods described in this paper to calculate deposition velocities of SO2 for the entire 
Asia  region,  including  South  India.  However,  the  spatial  resolution  of  these  results  is  limited. 
Moreover our calculations consider the meteorological and climatic conditions unique to NLC as well 
as  the  effect  of  wet  leaf  surfaces.  Nevertheless  some  results  are  comparable.  Their  values  of  Vd 
(daytime) for May and August are 0.3 and 0.45 respectively. Their value for December is much lower 
at 0.2 as compared to our result of 0.487. This is due to the mild winter experienced at NLC with 
optimum temperatures of around 20°C for stomatal opening.  
  Matsuda et al. (2006) performed field experiments to determine the dry deposition velocity of 
SO2 over a tropical forest in Northern Thailand. They report values of deposition velocity up to 0.31 
cm/s (daytime) and 0.11 cm/s (nighttime) for the dry season. The night time value is nearly the same 
as our results. Generally the values of Vd (daytime) at NLC are higher, possibly due to year round 
higher solar insolation. In their work, they describe the importance of accounting for the effect of wet 
leaf surfaces and the resultant higher values of Vd during the rains. 
  Having  determined  the  removal  rates,  we  couple  this  information  with  an  atmospheric 
dispersion model to investigate the cleansing efficacy of the evergreen canopy. A particular emphasis 
is placed on the sensitive township which receives the full impact of stack emissions on 13
th May 
2009. Focusing on this day, we demonstrate the removal of SO2 from a wind driven plume as well as 
the removal of residual concentration when the wind direction changes. It is observed that the trees 
improve air quality in the latter case. This effect is more pronounced at lower mixing heights. During 
winter days, the mixing layer can be a few hundred meters high and just 100 meters at night due to the 
formation of an inversion layer. Under such conditions, pollution emitted during the early hours is 
trapped at night and can result in high levels of pollution. Harmful effects can be mitigated by the 
presence of trees and their cleansing action. Thus it is especially important to plant trees in urban areas 
where the major pollution source are located at ground level. 
  The implications of these results as well as the model developed in this work can be applied to 
other developing nations of Asia, who are grappling with the problem of air pollution from the burning 
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